Histone deacetylases (HDACs), especially HDAC1, 2, 3 and 4, are abundantly expressed and over-activated in prostate cancer that is correlated with the poor prognosis. Thus, inhibition of HDAC activity has emerged as a potential alternative option for prostate cancer therapy. Chromopeptide A is a depsipeptide isolated from the marine sediment-derived bacterium Chromobacterium sp. HS-13-94; it has a chemical structure highly similar to FK228, a class I HDAC inhibitor that is approved by FDA for treating T-cell lymphoma. In this study, we determined whether chromopeptide A, like FK228, acted as a class I HDAC inhibitor, and whether chromopeptide A could inhibit the growth and migration of human prostate cancer in vitro and in vivo. HDAC enzyme selectivity and kinetic analysis revealed that chromopeptide A selectively inhibited the enzymatic activities of HDAC1, 2, 3 and 8 in a substrate non-competitive manner with comparable IC 50 values for each HDAC member as FK228 in vitro. Importantly, chromopeptide A dose-dependently suppressed the proliferation of human prostate cancer cell lines PC3, DU145 and LNCaP with IC 50 values of 2.43±0.02, 2.08±0.16, and 1.75±0.06 nmol/L, respectively, accompanied by dose-dependent inhibition of HDAC enzymatic activity in PC3 and DU145 cells. Chromopeptide A (0.2-50 nmol/L) caused G 2 /M phase arrest and induced apoptosis in the prostate cancer cell lines. Moreover, chromopeptide A dose-dependently inhibited the migration of PC3 cells. In mice bearing PC3 prostate cancer xenografts, intravenous injection of chromopeptide A (1.6, 3.2 mg/kg, once a week for 18 d) significantly suppressed the tumor growth, which was associated with increased expression levels of Ac-H3 and p21 in tumor tissues. Our results identify chromopeptide A as a novel class I HDAC inhibitor and provide therapeutic strategies that may be implemented in prostate cancer.
Introduction
Prostate cancer is one of the most common malignancies in men, and its incidence is rapidly increasing worldwide [1] . Currently, androgen-deprivation therapy (ADT) is the most prevalent option for prostate cancer therapy due to its intrinsic high dependence on androgen for tumor growth [2, 3] . Unfortunately, most patients will inevitably progress to poor prognostic castration-resistant prostate cancer (CRPC) 2-3 years after previous ADT treatment, which introduces desperate therapeutic challenges in the clinic [4] . The current treatment regimen for CRPC mainly focuses on chemotherapy with docetaxel and cabazitaxel or androgen-receptor (AR) antagonists, including abiraterone and enzalutamide [5] [6] [7] . However, the overall response ratio for these drugs is rather limited, while acquired resistance shortly occurs in those cases that initially respond to treatment [8] [9] [10] [11] . Therefore, the clinical treatment of CRPC remains unsatisfactory.
In recent years, new drugs for prostate cancer treatment have emerged. Histone deacetylases (HDACs), especially HDAC1, 2, 3 and 4, are abundantly expressed and over-
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Marine-derived chromopeptide A, a novel class I HDAC inhibitor, suppresses human prostate cancer cell proliferation and migration [12] . In particular, overexpression and nuclear recruitment of HDACs results in accelerated cell proliferation, delayed cell differentiation and even more aggressive phenotypes of prostate cancer cells [13, 14] . On the other hand, decreased proliferation and metastatic potential of prostate cancer cells have been observed in many preclinical studies upon the HDAC activity inhibition [15, 16] . Therefore, HDAC targeting has been considered as a potential approach for treating prostate cancer. To date, many clinical studies with HDAC inhibitors have been conducted in the clinic for treating prostate cancer, showing partial response with an obvious prostate-specific antigen (PSA) decline in a subset of patients [17] [18] [19] . Bacteria belonging to the genus Chromobacterium are known to be the main source of violacein, which shows important anti-tumor, anti-microbial, and anti-parasitic activities [20] . C violaceum is the most commonly studied bacterium due to FK228 isolation, which is a class I HDAC inhibitor that is approved by FDA for treating T-cell lymphoma [21] . Chromopeptide A is a depsipeptide purified from the marine sediment-derived bacterium Chromobacterium sp. HS-13-94, which has a very similar structure to FK228 [22] . In this study, we aimed to elucidate whether Chromopeptide A exhibits antiprostate cancer activity via targeting HDAC and thus provides an alternative therapeutic option that may be implemented in prostate cancer.
Materials and methods

Cell lines and reagents
Human prostate cancer cell lines, PC3, DU145 and LNCaP, were obtained from American Type Culture Collection (Manassas, VA, USA). All cell lines were authenticated by short tandem repeat (STR) fingerprinting and were maintained in culture medium according to the supplier's instructions.
FK228 was obtained from Selleck Chemicals (Shanghai, China). Chromopeptide A was purified as previously reported [22] . Both compounds were dissolved with DMSO to 10 mmol/L as stock solutions and stored at -20 °C before use.
HDAC enzyme selectivity profiling HDAC in vitro enzyme activity was determined by the protease-coupled assay. Different concentrations of compounds (20, 4 , 0.8, 0.16, 0.032 and 0.0064 nmol/L) were incubated with full-length recombinant HDAC1, HDAC2, HDAC3, and HDAC6 (BPS Biosciences, San Diego, CA, USA) or fragments of HDAC4, HDAC5, and HDAC7 (BPS Biosciences) at room temperature for 15 min, which was followed by adding trypsin as well as Ac-peptide-AMC substrates to initiate a reaction in Tris-based assay buffer. Reaction mixtures were incubated for 60 min at room temperature, which was followed by adding a stop solution containing trypsin. For HDAC8, Ac-peptide-AMC substrate was added to the enzyme/compound mix and incubated for 4 h at room temperature. The coupled reaction was incubated for another 90 min at 37 °C. Fluorescent AMC released from substrate was measured using filter sets, such as excitation=355 nm and emission=460 nm. IC 50 values were calculated by GraphPad Prism software (California, CA, USA).
Kinetic analysis on HDAC1
Compounds were diluted to the indicated concentrations and transferred into a 384-well microtiter plate to obtain the final concentrations, which were 2×IC 50 , IC 50 , and 1/2×IC 50 . Acpeptide-AMC substrate was serially diluted (dilution factor=2) in Tris-based assay buffer for an 11-point dilution series with a final concentration of 400 μmol/L. A reaction was initiated by the addition of serially diluted substrate solutions. Data were fitted by the mixed competitive inhibition model in GraphPad Prism software to predict the K i and alpha values.
Cell-based HDAC activity assay Cells were seeded into 12-well plates at a density of 1×10 5 cells/well. After 24 h, the cells were treated with DMSO or indicated concentrations of compounds for another 24 h. Then, protein was extracted with NP-40 lysis buffer (Beyotime, Nantong, China), and lysates were quantitated with a BCA Protein Quantitation Kit (Beyotime, Haimen, China). HDAC activity in different cell extracts was measured using a Fluorimetric HDAC Activity Assay Kit (AAT Bioquest, Sunnyvale, CA, USA) according to the manufacturer's instructions.
Cell proliferation assay
Cells were seeded into 96-well plates at a density of 3000-6000 cells/well in triplicate. After 24 h, the cells were treated with the indicated concentrations of compounds and were cultured for another 72 h. Then, the cells were fixed with 10% trichloroacetic acid overnight and stained with 4 mg/mL sulforhodamine B (SRB, Sigma, St Louis, MO, USA) in 1% acetic acid. The SRB in the cells was dissolved in 10 mmol/L Tris-HCl and measured at 560 nm.
Cell cycle analysis
Cells were seeded into 12-well plates at a density of 1×10 5 cells/well. After attachment, the cells were treated with DMSO or indicated concentrations of compounds for 24 h. Both adherent and floating cells were harvested and fixed in cold 70% ethanol at 4 °C overnight. Prior to FACS analysis, cells were washed with cold PBS and re-suspended in PBS containing propidium iodide (100 mg/mL) and RNase A (20 mg/mL). Then, cells were incubated for 15 min at 37 °C in the dark. Quantitation of the cell cycle distribution was evaluated using a Becton-Dickinson FACS Calibur flow cytometer and Modifit LT software (BD Biosciences, San Jose, CA, USA).
Cell apoptosis analysis
Cells were cultured in 12-well plates at a density of 1×10 stained for 15 min at room temperature in the dark. Then, apoptosis analysis was performed using a FACS Calibur flow cytometer (BD Biosciences). Data were analyzed using CELL Quest software (BD Biosciences).
Immunoblotting
Protein extracts were prepared with the SDS-lysis buffer (50 mmol/L Tris-HCl, pH 7.4, 2% SDS) after washing twice with cold PBS. Then, cell lysates were boiled for 10 min and centrifuged at 14 000×g at 4 °C for 5 min. The supernatant was collected and subsequently resolved by SDS-PAGE and transferred to nitrocellulose membranes, probed with the appropriate primary antibodies and then incubated with horseradish peroxidase-conjugated secondary antibodies. The immunoreactive proteins were detected using an ECL plus detection reagent (Pierce, Rockford, IL, USA) and imaged by autoradiography. Antibodies used in immunoblotting were as follows: p21 (#2947, Cell Signaling Technology, CST, Boston, MA, USA), Acetyl-Histone H3 (#9649, CST), Histone H3 (#9715, CST), phospho-cdc2 (#4539, CST), cdc2 (#9116, CST), phospho-cdc25C (#4901, CST), cdc25C (#4688, CST), PARP (#9542, CST), cleaved PARP (#5625, CST), caspase 3 (#9662, CST), and cleaved caspase 3 (#9661, CST).
Migration assay PC3 cells were seeded into the upper chambers of the 24-well transwell chambers (Corning, New York, NY, USA) at a density of 1×10 4 cells/well with media containing 1% FBS, and media with 5% FBS was added to the lower chambers. Cells were incubated with the indicated concentrations of compounds for 24 h and were then fixed and stained with 5% crystal violet solution. The inserts were washed and the cells on the upper side were removed using a cotton swab. The number of migrated cells was counted under a microscope.
Animal studies Four-to six-week-old nu/nu athymic BALB/c mice were obtained from the Shanghai Laboratory Animal Center, Chinese Academy of Sciences (Shanghai, China). All studies were conducted in compliance with guidelines of Institutional Animal Care and Use Committee, Shanghai Institute of Materia Medica. PC3 cells (5×10 6 cells/200 µL F12 medium) were subcutaneously inoculated into the right flanks of nude mice. The tumor sizes were measured by calipers and tumor volume (TV) was calculated as follows: TV=1/2×a×b 2 (a and b represent the length and width of the tumor, respectively). When the TV reached 100-150 mm 3 , the mice were randomly assigned to control and treatment groups (n=6 per group). For efficacy studies, mice bearing PC3 cells were treated with the indicated doses of chromopeptide A or FK228 dissolved in saline containing 10% castor oil once a week via intravenous injection. The TV and body weight (g) were measured every 3 d. The individual relative tumor volume (RTV) was calculated as follows: RTV=V t /V 0 , where V t is the volume on each day and V 0 represents the volume at the beginning of the treatment. The RTV was shown on the indicated days as the mean±SEM indicated for groups of mice. To the endpoint, tumors were harvested and lysed in cold RIPA lysis buffer (Beyotime, Haimen, China) supplemented with protease and phosphatase inhibitors (Merck, Darmstadt, Germany) for immunoblotting analysis.
Statistical analysis
Data were presented as the mean±SD, and significance was determined by Student's t-test. Differences were considered statistically significant for P<0.05 and P<0.01. All statistical analyses were performed using GraphPad Prism software.
Results
Chromopeptide A is a selective class I HDAC inhibitor Because the chemical structure of chromopeptide A is highly similar to FK228 ( Figure 1A) , we investigated whether chromopeptide A could selectively inhibit the activity of class I HDACs. Using a protease-coupled assay, the pharmacological effects of chromopeptide A, along with FK228, on HDAC1-8 were profiled. We found that chromopeptide A only exerted potent inhibition on HDAC1, 2, 3 and 8; while it had minimal inhibition activity on HDAC4, 5, 6, and 7, which was exactly the same as FK228 ( Figure 1B ). These findings suggested that chromopeptide A is a selective inhibitor of class I HDACs with comparable IC 50 values for each HDAC member as FK228 in vitro.
HDAC inhibitors could act in either competitive or noncompetitive substrate modes. We thus took HDAC1 as an example to investigate the kinetic characteristics of chromopeptide A. To this end, a standard substrate concentration-response assay was performed, and the alpha values were determined. We found that the alpha values for chromopeptide A and FK228 were 1.464 and 1.384, respectively. These results indicated that chromopeptide A, as well as FK228, exhibited a non-competitive inhibition mode with respect to the HDAC substrate ( Figure 1C ).
Chromopeptide A inhibits prostate cancer cell proliferation via targeting HDAC Due to the important role of HDACs in the development and progression of prostate cancer, we evaluated whether chromopeptide A can suppress the cell proliferation of prostate cancer cells. Three prostate cancer cell lines, PC3, DU145 and LNCaP, were selected. All cell lines showed exquisite sensitivity to chromopeptide A treatment, with IC 50 values of 2.43±0.02, 2.08±0.16, and 1.75±0.06 nmol/L, respectively ( Figure 2A ). Next, we tested whether chromopeptide A-induced inhibition is in HDAC-dependent manner. As shown in Figure 2B , chromopeptide A treatment strongly decreased HDAC enzymatic activity in PC3 and DU145 cells in a dose-dependent manner, similar to that of FK228.
Histones are the primary substrates for HDAC1, 2 and 3. Meanwhile, HDAC1 is a repressor of cyclin-dependent kinase inhibitor p21 by directly binding to the Sp1 sites of p21 promoter [23, 24] . Thus, the acetylation of histones and expression of www.nature.com/aps Sun JY et al Acta Pharmacologica Sinica p21 are two well-established indicators for class I HDAC inhibition. Herein, we found remarkably up-regulated acetylation of H3 and expression of p21 after chromopeptide A or FK228 treatment ( Figure 2C ). These data indicated that chromopeptide A inhibits the activity of class I HDACs and impairs the cell viability of prostate cancer cells.
Chromopeptide A induces G 2 /M phase arrest via inhibiting phosphorylation of cdc2 and cdc25C Next, we investigated the mechanisms underlying the cell proliferation inhibition in prostate cancer induced by chromopeptide A. For this, PC3 and LNCaP cells were exposed to different concentrations of chromopeptide A or FK228 (0, 0.2, 1, 5, 20, and 50 nmol/L) for 24 h; then, the cell cycle distribution was determined by flow cytometry. We found that both chromopeptide A and FK228 treatment, at given concentrations, exhibited G 2 /M phase arrest in PC3 and LNCaP cells ( Figures  3A and 3B) . Because cdc2 and cdc25C are the two key regulators of G 2 /M transition, we thus investigated whether chromopeptide A or FK228 affects cdc2 and cdc25C. For this, we performed immunoblotting and found that chromopeptide A or FK228 significantly suppressed the phosphorylation of cdc2 and cdc25C in a dose-dependent manner ( Figure 3C ). These data suggested that chromopeptide A induces G 2 /M phase arrest in prostate cancer cells through inhibiting the phosphorylation Chromopeptide A induces cell apoptosis via the caspasedependent manner Cell apoptosis is one of the major events that induces cell death. Next, we are particularly interested in whether chromopeptide A or FK228 induced cell death via apoptosis-inducing manner. To this end, PC3 and DU145 cells were treated with chromopeptide A or FK228 at indicated concentrations (0, 0.2, 1, 5, 20 and 50 nmol/L) for 48 h and were then collected for analyses using the annexin V/PI assay. We found that both chromopeptide A and FK228 induced apoptosis in a dose-dependent manner (Figures 4A and 4B) . Moreover, cleavage of PARP and caspase 3, the hallmarks of apoptotic events, was noted to be up-regulated in prostate cancer cells upon treatment with chromopeptide A or FK228 ( Figure 4C and Supplementary Figure 1) . These data suggested that chromopeptide A induced apoptosis in prostate cancer via a caspase-dependent pathway.
Chromopeptide A inhibits the migration of prostate cancer cells Cell migration is the leading cause of tumor metastasis. To explore whether chromopeptide A could inhibit cell migration, we performed a transwell assay on PC3 cells. Various concentrations of chromopeptide A or FK228 (0, 1, 5, 20, and 50 nmol/L) were applied to PC3 cells for 24 h. We found that chromopeptide A or FK228 dramatically and dose-dependently inhibited cell migration, as evidenced by the findings that fewer cells migrated to the lower side of the chamber (Figures 5A and 5B). These results indicated that chromopeptide A impairs the migratory capability of prostate cancer cells.
Chromopeptide A suppresses the tumor growth of the PC3 xenograft model The therapeutic potential of chromopeptide A via targeting class I HDACs was further assessed in PC3 xenografts. Mice bearing PC3 xenografts were randomly divided into the following 4 experimental groups: chromopeptide A-high (3.2 mg/kg, once a week), chromopeptide A-low (1.6 mg/kg, once a week), FK228-high (3.2 mg/kg, once a week) and vehicle group (saline containing 10% castor oil, once a week). Remarkable inhibition of tumor growth was observed in all experimental groups upon treatment with HDAC inhibitors compared with the vehicle group ( Figure 6A ). The enhanced tumor growth inhibition was associated with increased expression levels of Ac-H3 and p21 ( Figure 6B ). In addition, we monitored the body weight of mice across the treatment conditions. Slight loss of body weight was observed in all treated groups. However, a statistically significant loss in the high dose FK228 treatment group was observed compared with the chromopeptide A high dose group for the first two weeks, implying a better tolerance to chromopeptide A than to FK228 ( Figure 6C ). Finally, apoptosis-associated proteins, PARP and caspase 3, were detected within tumors by immunoblotting. As shown, the cleavage of PARP and caspase 3 was up-regulated after treatment with chromopeptide A or FK228, indicating that apoptosis was induced after drug treatment ( Figure 6D ).
Discussion
Histone modifications, including acetylation and deacetylation, are the major driving force for epigenetic gene regulation [25] . As a key enzyme responsible for this process, HDAC plays an indispensable role in cell survival, proliferation, differentiation, and migration. In mammals, a total of 18 HDACs have been identified and grouped into four classes: class I (HDACs 1-3 & 8) , class II (HDACs 4-7 and HDACs 9-10), class III (Sirt1-Sirt7) and class IV (HDAC11) [26] . Deregulation in the expression of HDAC enzymes has been implicated in cancer development for several decades [27] . In prostate cancer, class I HDACs were particularly overexpressed and associated with poor clinical outcomes [14] . As a result, the class I HDAC is becoming a promising specific target for prostate cancer therapy.
Dozens of HDAC inhibitors have been developed in recent years [28] . To date, 5 drugs targeting HDAC, including SAHA (Vorinostat), FK228 (Romidepsin), LBH-589 (Panobinostat), PXD101 (Belinostat) and HBI-8000 (Childamide), have been approved worldwide to treat hematological malignancy subtypes [29] . Several clinical trials are ongoing, including but not limited to these five drugs, to expand the application of HDAC inhibitors to solid tumors, especially prostate cancer. However, minimal clinical activity was achieved in these clinical trials [30] . In this study, we first identified chromopeptide A as a selective class I HDAC inhibitor and further demonstrated that chromopeptide A significantly suppressed prostate cancer growth both in vitro and in vivo. Mechanistic insights have shown that such class I inhibition led to the induction of G 2 /M cell cycle arrest as well as of cell apoptosis associated with enhanced expression of Ac-H3 and p21.
Because FK228 is also a class I HDAC inhibitor, its efficacy on prostate cancer growth has been compared accordingly. Our data suggested that chromopeptide A and FK228 exhib- ited similar potency and comparable pharmacological efficacy on prostate cancer both in vitro and in vivo. Importantly, both chromopeptide A and FK228 led to G 2 /M phase arrest rather than G 1 /S phase arrest induced by a pan HDAC inhibitor [31, 32] . We further noted that chromopeptide A and FK228 could inhibit cell migration, implicating the potential beneficial effects of chromopeptide A and FK228 on prostate cancer metastasis. These findings help identify the mechanism-based differentiation of class I HDAC inhibitors from pan HDAC inhibitors.
In conclusion, this is the first demonstration that chromopeptide A is a potent inhibitor of class I HDACs with a promising efficacy on tumor growth and metastasis for prostate cancer both in vitro and in vivo. Notably, in vivo data demonstrated a better tolerance of chromopeptide A on body weight than FK228, implicating the controllable toxicity of chromopeptide A in prostate cancer therapy.
